The maceration of deciduous leaf litter by aquatic hyphomycetes! 
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Isolates of five species of aquatic hyphomycetes were grown in pure culture with hickory leaf 
material as the sole source of carbon and energy. Enzymatic activity by all five species resulted in 
the skeletonization of leaves through maceration of the leaf matrix and subsequent release of leaf 
cells as fine particulate organic matter. Fractionation and analysis of leaf material after incubation 
indicated that all five species metabolized (degraded) cellulose and two species metabolized 
(degraded) hemicelluloses. In cultures inoculated with Tetracladium marchalianum, fine par- 


ticulate release coincided with increases in fungal biomass (ATP) and activity of enzymes in the 
supernatant which degraded carboxymethylcellulose, xylan. and polygalacturonic acid. 
Macerating activity increased with increasing pH suggesting involvement of pectin trans- 
eliminase in the softening of leaf tissue by this fungus. 
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Des souches de cinq espèces d’hyphomycétes aquatiques ont été cultivées en cultures pures 
avec du matériel foliaire de caryer comme seule source de carbone et d’énergie. L’activité 
enzymatique chez chacune des cinq espèces a amené la squelettisation des feuilles par la 
macération de la “matrice” folaire et la libération subséquente des cellules des feuilles sous forme 
de fines particules de matière organique. Le fractionnement et l'analyse de matériel foliaire après 
incubation ont montré que les cinq espèces métabolisent (dégradent) la cellulose et que deux 
espèces métabolisent (dégradent) l’hémi-cellulose. Dans les cultures inoculées par Tetracladium 
marchalianum, la libération de fines particules coincide avec une augmentation de la biomasse 
fongique (ATP) et de l’activité des enzymes qui, dans le surnageant, dégradent la 
carboxyméthylcellulose, le xylane et l’acide polygalacturonique. L’activité de macération aug- 
mente avec le pH, ce qui semble indiquer que la trans-éliminase de la pectine est impliquée dans le 


ramollissement du tissu foliaire par le champignon. 


Introduction 


Leaf litter represents a major source of organic 
detritus for deciduous woodland-stream ecosys- 
tems. In addition to its mineralization, the conver- 
sion of leaf litter to other pools of both particulate 
and dissolved organic matter is an important pro- 
cess in lotic environments (Cummins 1974; Peter- 
sen and Cummins 1974). Although fungi, in par- 
ticular aquatic hyphomycetes, dominate the mi- 
crobial community in the early stages of leaf de- 
composition (Triska 1970; Kaushik and Hynes 
1971; Barlocher and Kendrick 1974; Suberkropp 
and Klug 1976), little is known about their 
capabilities to biochemically process leaf sub- 
strates. 


‘Published as Michigan Agricultural Experiment Station 
Journal article No. 8799 and Kellogg Biological Station publica- 
tion No. 383. 


[Traduit par le journal] 


To better understand the role of these fungi in 
streams, it is necessary to determine and eventually 
quantify their activities on natural substrates. To 
this end we are examining the physiological 
capabilities of species of aquatic hyphomycetes 
grown on hickory leaf litter. The present study 
describes some degradative activities of these fungi 
and documents their capacity to produce fine par- 
ticulate organic matter through the maceration of 
leaf litter. 

Materials and methods 
Fungi 

Single spore isolates of Alatospora acuminata Ingold, 
Clavariopsis aquatica DeWild., Flagellospora curvula Ingold, 
Lemonniera aquatica DeWild., and Tetracladium mar- 
chalianum DeWild., were obtained from decomposing leaf litter 


in a small hard water stream in southwestern Michigan (Suber- 
kropp and Klug 1976). 


Leaf cultures 
Autumn shed hickory (Carya glabra) leaves were collected in 
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nets, air dried, and stored. Leaves were soaked in water, cutinto 
discs (1.9 cm in diameter), dried at 50°C, weighed, moistened, 
and sterilized by two successive treatments with ethylene oxide 
(Bard Co.). Sterile leaf discs were added to autoclaved mineral 
medium containing 10 mM KNOs3, 2.5 mM KH,PO,, 2.5 mM 
K,HPO,, 3 mM NaCl, and | mM MgSO, adjusted to pH 7.0 
before autoclaving or in later experiments to the above medium 
amended with 0.5 mM CaCl, and 20 mM MOPS (Sigma) buffer 
and adjusted to pH 7.5 or pH 8.0. 

Cultures were inoculated with suspensions of hyphal frag- 
ments prepared by grinding washed fungal pellets grown in the 
above mineral medium amended with 0.5% glucose and 0.01% 
yeast extract and were incubated at 10° or 18°C in 500-mL (1-2 g 
leaf discs, 150 mL mineral medium) or 300-mL (0.5 g leaf discs, 
35 mL mineral medium) conical flasks on a reciprocating 
water-bath shaker (Precision Sci. Co.). 

Harvested leaf cultures were sieved and centrifuged to sepa- 
rate the material into three fractions: (/) coarse particulate (CP) 
which included leaf discs or fragments greater than 1 mm; (ii) 
fine particulate (FP) which included other particulates less than 
1 mm which were pelleted after centrifugation at 2000 x g for 
10 min; and (iii) the culture supernatant which contained mate- 
rial not pelleted after centrifugation. Both CP and FP fractions 
were dried at 50°C and weighed. 

Chemical fractionation of particulate material into cellulose, 
hemicellulose, and non-cell wall material was determined using 
the methods of Goering and Van Soest (1972) for analysis of 
forage fiber. ATP extractions and determinations were as previ- 
ously described (Suberkropp and Klug 1976). 


Enzyme assays 

Enzyme activities of culture supernatants were determined in 
reaction mixtures containing | mL each of culture supernatant, 
buffer, and substrate. For determinations of enzyme activity at 
pH 5, 0.5M sodium acetate, at pH 8, either 0.5 M Tris-HCl 
or 0.5 M bicine was used. Substrates were added as 1% solu- 
tions of either carboxymethylcellulose (CMC), xylan, or 
polygalacturonic acid (PGA) (grade III, Sigma). After incuba- 
tion for 1 h at 30°C, reactions were stopped by addition of the 
alkaline—copper reagent of Somogyi (1952). Reducing sugars 
were determined by the Somogyi modification of Nelson's 
(1944) reducing sugar method. 

Production of unsaturated products by pectin trans-eliminase 
was determined by an increase in absorbance at 230 nm and also 
by reaction with thiobarbitaric acid (Ayers et al. 1966). In all 
enzyme assays a boiled culture supernatant was used as a con- 
trol. 


Results 


Species of aquatic hyphomycetes, grown in cul- 
ture with hickory leaf material as the sole source of 
carbon and energy, softened parenchyma leaf tis- 
sue and caused skeletonization of the intact leaf 
structure (Fig. 1). This macerating capability re- 
sulted in production of a dark brown fine particulate 
(FP) fraction, consisting primarily of leaf paren- 
chyma cells, fungal hyphae, and spores (Fig. 2A). 
The coarse particulate (CP) fraction which re- 
mained could be recognized macroscopically as 
leaf litter, and microscopically, consisted of the 
vein structure of the leaf with closely associated 
fungal tissue (Fig. 2B). 

All five species of aquatic hyphomycetes 
examined caused significant maceration of leaf lit- 


CAN. J. BOT. VOL. 58, 1980 


A B 


Fic. 1. Maceration of hickory leaf litter. (A) Leaf disk from 
uninoculated control. (B) Skeletonized leaf disk after incubation 
with T. marchalianum at 10°C for 6 weeks. 


Fic. 2. Light micrographs of particulate fractions of hickory 
leaf litter after incubation with T. marchalianum. (A) Fine par- 
ticulate fraction containing leaf parenchyma cells and spore of 
T. marchalianum. Scale bar represents 50 um. (B) Coarse par- 
ticulate fraction containing veinated leaf and fungal hyphae. 
Scale bar represents 100 pm. 


ter under test conditions with 41.2-50.5% of the 
original dry weight being converted to FP(Table 1). 
Of the original leaf litter, only 26.8-35.1% re- 
mained in the CP fraction. The remainder 
(17.0-32.0%) was lost either through respiration or 
converted to a soluble form. 

Chemical fractionation of the remaining struc- 
tural (cellulose and hemicellulose) and nonstruc- 
tural (non-cell wall) material indicated a major al- 
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TABLE 1. Weight loss and distribution of hickory leaf matter in particulate fractions after incubation with 
aquatic hyphomycetes* 


Weight in CP fraction 
expressed as: 


Total weight loss 
from particulate 
fraction expressed as: 


Weight in FP fraction 
expressed as: 


0 0 


Fungal species gram % of control 
Control 1.94 + 0.03? 100 

T. marchalianum 0.52 + 0.18 26.8 0 
F. curvula 0.54 + 0.02 27.8 0. 
L. aquatica 0.65 + 0.04 33.5 0. 
C. aquatica 0.60 + 0.11 30.9 0 
A, acuminata 0.68 + 0.06 35.1 0 


gram % of control % of control 
0 
.80 + 0.20 41.2 32.0 
92 + 0.05 47.4 24.7 
89 + 0.04 45.9 20.6 
.98 + 0.03 50.5 18.6 
.93 + 0.02 47.9 17.0 


Cultures grown at 10°C for 6 weeks with 2,0-g leaf disks in 500-mL conical flasks, pH 7.0. 


>Mean of four replicate cultures + 95% confidence limits. 


TABLE 2. Distribution and loss of hickory leaf constituents after incubation with aquatic hyphomycetes* 


Fungal species 


Constituents 


Amount in CP 
fraction, mg 


Amount in FP 
fraction, mg 


Total loss from 
particulate, % 


Control Non-cell wall 1286 + 23° = — 
Cellulose 337 + 2 — — 
Hemicellulose 177 + 11 — — 
T. marchalianam Non-cell wall 241 + 133 672 + 165 29.0 
Cellulose 105 + 16 53 + 13 53.1 
Hemicellulose 86 + 19 36 + 10 31.1 
F. curvula Non-cell wall 256 + 13 680 + 34 27.2 
Cellulose 109 + 8 99 + 10 38.3 
Hemicellulose 8344 69 + 13 14.7 
L. aquatica Non-cell wall 320 + 25 643 + 28 25.2 
Cellulose 129 + 6 106 + 16 30.3 
Hemicellulose 96 + 15 7248 4. 5° 
C. aquatica Non-cell wall 254 + 44 738 + 26 22.9 
Cellulose 130 + 25 10449 30.9 
Hemicellulose 110 + 21 74+9 4.0 (gain): 
A, acuminata Non-cell wall 338 4 32 700 + 23 19.3 
Cellulose 135 + 14 110 +9 27.3 
Hemicellulose 103 + 12 74+6 0° 


*Cultures grown at 10°C for 6 weeks with 2.0-g leaf disks in 500-mL conical flasks, pH 7.0. 


‘Mean of four replicates + 95% confidence limits. 


‘Total weight of constituent not significantly different from control at 95% level. 


teration in chemical composition of the two par- 
ticulate fractions produced after fungal processing 
(Table 2). The FP fraction released by all species of 
fungi contained a much higher amount of non-cell 
wall material and less cellulose and hemicellulose 
than the CP residue. The ratio of nonstructural to 
structural material was, therefore, much higher in 
the FP (3.6:1 to 7.5:1) than the CP fraction (1.1:1 to 
1.4:1) or in noncolonized leaf litter (2.5:1). 
Comparison between the amount of constituents 
in the particulate litter fractions (FP and CP) and 
the control indicated a capability for all five fungal 
species to degrade both cellulose and non-cell wall 
material (Table 2). Ability to degrade hemicel- 
luloses was demonstrated with only T.` mar- 


chalianum and F. curvula. Since it was impossible 
to separate fungal biomass from litter residue, it is 
likely that some fungal cell wall polysaccharides 
were assayed as hemicellulose by the extraction 
procedure. The initial low content of hemicel- 
luloses plus the accumulation of fungal wall mate- 
rial in this fraction could account for the apparent 
lack of hemicellulose utilization by L. aquatica, C. 
aquatica, and A. acuminata. 

Specific degradative capabilities of these fungi on 
structural constituents were confirmed by deter- 
mining extracellular enzyme activities remaining in 
culture supernatants. All fungi exhibited varying 
degrees of activity on the substrates car- 
boxymethylcellulose, xylan, and polygalacturonic 
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Fic. 3. Dry weight remaining and composition of particulate fractions of hickory leaf litter incubated with T. mar- 
chalianum. Culture conditions as in Table 1. Each point represents the mean of four cultures, vertical bars represent +95% 
confidence limits. Insufficient material was available in the FP fraction for analysis of structural components at 0, I, and 2 


weeks. 


acid (Table 3) demonstrating their capability to 
produce some enzymes necessary to break down 
cellulosic and, at least, some hemicellulosic sub- 
stances. 

Tetracladium marchalianum was chosen for ad- 
ditional study because it was the first species to 
begin maceration and caused the greatest total 
weight loss of leaf litter in culture. Maceration by 
this fungus was followed through time at both 10° 
and 18°C. Maximum release of FP material and 
consequently maximum rate of weight loss at 10°C 
from the CP fraction occurred between 2 and 4 
weeks (Fig. 3). Chemical fractionation of material 
remaining in both particulate fractions indicated 
that weight loss in the CP fraction was due primar- 
ily to loss or conversion of non-cell wall material to 
FP. Although significant losses of cellulosic and 
hemicellulosic constituents from the CP fraction 
were observed, the CP fraction always contained a 
higher amount of these structural materials than did 
the FP fraction. 


TABLE 3. Extracellular enzyme activity of leaf culture super- 
natant of aquatic hyphomycetes* 


Substrate activity, ug glucose equiv. 
mL~?,h-2 


Carboxymethyl- Polygalacturonic 


Fungal species cellulose acid Xylan 
T. marchalianum 91° 120 239 
F. curvula 57 539 103 
L. aquatica 117 233 52 
C. aquatica 437 341 191 
A. acuminata 51 34 48 


aCultures grown at 10°C for 6 weeks with 2.0-g leaf disks in 500-mL 
conical flasks, pH 7.0. 

tEnzyme reactions carried out at 30°C, pH 5, see Materials and methods. 

cMeans of four replicates. 


The growth kinetics of T. marchalianum in leaf 
culture were obtained by measuring the ATP con- 
tent of cultures. Maximum increases in biomass 
(ATP) occurred between 2 and 4 weeks before 
sharply decreasing (Table 4). The period of maxi- 
mum growth rate (ATP content) coincided closely 
with maximum release of FP (Table 4 and Fig. 3). 

Maceration of hickory leaf litter by T. mar- 
chalianum proceeded faster at 18°C, with maxi- 
mum release of FP occurring between 4and 12days 
(Fig. 4). Extracellular enzymes capable of degrad- 
ing the substrates, CMC, PGA, and xylan were 
detected in culture supernatants after 4 days and 
with maximum activities between 14 and 18 days. 
Higher enzyme activities were found in the break- 
down of CMC and xylan when assayed at pH 5 than 
when assayed at pH 8. With PGA as the substrate, 
however, similar activities were observed at both 
pH values. Further characterization of the pectin 
degrading enzymes of T. marchalianum indicated 
that at least two enzymes were being elaborated; 
one, a polygalacturonase, exhibited a pH optimum 
near 5, while the other, a polygalacturonic acid 
trans-eliminase, had a pH optimum close to 8. 


TABLE 4. ATP biomass in cultures of T. marchalianum on 
hickory leaf matter" 


Total weight in 


Time, weeks FP fraction,% | Nanomoles ATP per culture 


1 3.9 0.60 + 0.80° 
2 11.7 4.29 + 1.48 
3 28.5 12.46 + 5.31 
4 40.2 24.30 + 6.89 
6 40.6 8.64 + 1.38 


*Cultures grown at 10°C for 6 weeks with 0.5-g leaf disks in 300-mL 
conical flasks, pH 7.0. 
>Mean of three replicates + 95% confidence limits. 
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Fic. 4. Dry weight remaining and enzyme activity in the culture supernatants of hickory leaf litter incubated with T. 
marchalianum, Cultures grown at 18°C with 1.0-g leaf disks in 500-mL conical flasks. Mineral medium amended with CaCl, 
and MOPS buffer (see Materials and methods). The pH of the supernatant rose from 7.3 to 7.6 during the incubation period. 
Each point represents the mean of three cultures, vertical bars represent +95% confidence limits. Enzyme activity expressed 
as microgram glucose equivalents produced per hour at 30°C by | mL of culture supernatant. 


TABLE 5, Activities of pectin degrading enzymes in cultures of T. marchalianun 


FP released 
expressed as 


Reaction mixture pH 5° 
reducing sugars, 


Reaction mixture pH 8? 


Time, days % of control weight ug glucose/mL 
0 1.9 0 
2 8.7 0 
6 11.2 6 
8 25.5 14 
10 29.6 28 
12 38.4 62 
14 34.0 65 
16 38.9 49 


Absorbance of TBA 
Absorbance at 230 nm products at 550 nm 
0 0 
0 0 
0.087 0.146 
0.113 0.237 
0.288 0.720 
0.398 1.295 
0.396 1.478 
0.281 1.156 


aCultures grown at 18°C with 1.0-g leaf disks in 500-mL conical flasks. 


‘Enzyme reactions as described in Materials and methods. 


Since similar activities on PGA were measured 
when the culture supernatant was assayed at either 
pH 5 or pH 8, both enzymes appeared to be pro- 
duced by the fungus growing in a buffered culture 
medium in which the pH varied between 7.3 and 
7.6. 

The production of PGA trans-eliminase was 
confirmed by following the increase in unsaturated 
products and increase in absorbance after reaction 
with thiobarbituric acid (Table 5). Activity of PGA 
trans-eliminase in culture supernatants increased 
in a similar manner to the polygalacturonase as- 
sayed at pH 5. Both activities increased during the 
period of maximum production of FP (Table 5). 

Maceration increased when T. marchalianum 
was grown on leaf litter at increasing pH (Fig. 5). 


Since T. marchalianum exhibits similar amounts of 
growth over a broad range of pH (5.0-8.5, K. Sub- 
erkropp, unpublished data), this would suggest that 
PGA trans-eliminase was more active in macera- 
tion than other enzymes which exhibited lower pH 
optima. 


Discussion 


The nutritional requirements of selected species 
of aquatic hyphomycetes are diverse with respect 
to simple carbon and nitrogen sources (Ranzoni 
1951; Thornton 1963, 1965). There has been some 
uncertainty, however, about their ability to de- 
grade the major insoluble polysaccharides of leaf 
litter on which they are commonly found in great 
abundance. Results of the present study indicate 
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Fic. 5. The effect of pH on the maceration of hickory leafdisks by T. marchalianum. Culture conditions as in Fig. 4, except 


pH adjusted as indicated. Control disks remained uninoculated. 


that five species of aquatic hyphomycetes found to 
be dominant members of the fungal community on 
hickory leaves in a hard-water stream (Suberkropp 
and Klug 1976) have the necessary enzyme com- 
plexes to degrade native cellulose as it occurs in 
hickory leaves. Two species additionally caused 
significant losses of native hemicelluloses. All five 
species elaborate the three types of degradative 
enzymes measured in leaf culture supernatants. 
These data suggest that the array of extracellular 
enzymes produced by these fungi is more extensive 
than heretofore recognized. 

In culture, all species examined caused soften- 
ing and release of parenchyma tissue from leaves. 
Macerating activities resulted in production of 
two particulate fractions differing from each other 
and from the original leaf litter in chemical 
(ratio of structural to nonstructural constitutents) 
and physical (surface to volume ratio) properties. 
Similar changes in hickory leaflets placed in a 
stream occur during the period of increased coloni- 
zation by aquatic hyphomycetes (Suberkropp and 
Klug 1980). Losses of leaf mesophyll were also 
observed on decomposing leaves from a tropical 
stream and were attributed to fungal activity 
(Padgett 1976). Maceration of leaves by aquatic 
hyphomycetes in the stream environment may rep- 
resent an important role of these fungi in linking leaf 
derived detritus with other members of the hetero- 
trophic stream community. Observed increases in 
bacterial numbers and activities associated with 
leaf litter (Triska 1970; Suberkropp and Klug 1976) 
are thought to be due in part to increases in the 
surface area available for bacterial colonization. 
The observed feeding preferences exhibited by in- 
vertebrates for fungal colonized leaf material 
(Barlocher and Kendrick 1973a, 19735; MacKay 
and Kalff 1973) together with the same types of 


preferences noted for leaf material treated with hot 
HCI or fungal secretions (Barlocher and Kendrick 
1975) suggest that physical factors (e.g., softness) 
as well as increased nutrient availability may ex- 
plain the feeding activities of such invertebrates. 

Microbially produced pectin degrading enzymes 
have been demonstrated in a number of cases to 
cause the breakdown of plant cell walls and the 
maceration of living plant tissue (Bateman and 
Millar 1966; Albersheim et al. 1969; Bateman and 
Basham 1976), and have been implicated in the 
breakdown of dead plant tissue (Torzilli 1978). The 
production of at least two pectin degrading en- 
zymes by T. marchalianum suggests the involve- 
ment of one or both in the softening and release of 
leaf cells from hickory leaf litter. Both polygalac- 
turonase and polygalacturonic acid trans-eliminase 
activities were found to increase in culture super- 
natants during the period of FP release. The greater 
degree of maceration observed in cultures with 
higher pH suggests that the activity of the trans- 
eliminase is more important in the release of leaf 
cells than the hydrolytic enzymes with lower pH 
optima. Investigations are currently underway to 
more fully document the enzymatic mechanisms of 
litter maceration by these fungi. 
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